In addition to vertical surcharges, geosynthetic-reinforced soil (GRS) structures have recently been used as barriers to resist lateral forces from natural disasters such as floods, tsunamis, rock falls, debris flows, and avalanches. The stability of such structures is often evaluated by conducting conventional external stability analyses with an assumption that the reinforced soil mass is a rigid body. However, this assumption contradicts the flexible nature of reinforced soil. In this study, finite element (FE) models of back-to-back GRS walls were developed to investigate the behavior of GRS barriers subjected to lateral loadings. The FE results indicate that GRS barriers subjected to lateral loadings fail internally. The failure model and the lateral bearing capacity depend on the aspect ratio (L/H: ratio of wall width to wall height) of GRS barriers. When 0.5 < L/H < 1.0, GRS barriers fail because of internal sliding along the soil-reinforcement interface at the side subjected to the lateral force and the active failure of the reinforced soil wedge at the opposite side. When L/H > 3.0, passive soil failure occurs within GRS barriers at the side subjected to the lateral force. As L/H increases, the lateral bearing capacity of GRS barriers increases to approximately three times the active lateral earth pressure at L/H = 0.7 to the passive lateral earth pressure at L/H = 3.0. In addition to the effect of L/H, the internal soil failure predicted by FE analyses suggests that the soil shear strength plays a major role in determining the lateral bearing capacity of GRS barriers. A hypothetical case study of a GRS barrier against a tsunami force is provided and an improved method is discussed.
INTRODUCTION
In addition to vertical surcharges, geosyntheticreinforced soil (GRS) structures have recently been used as barriers to resist lateral forces from natural disasters such as floods, tsunamis, rock falls, debris flows, and avalanches (Branl, 2011; Fowze et al., 2012) . Kuwano et al. (2012) summarized the seismic performance of approximately 1600 walls subjected to the direct impact of earthquakes and tsunamis in the 2011 Tohoku earthquake. They found that > 90% of the walls did not show any damage. Only <1% of the walls were critically damaged because of tsunami erosion. Ronco et al. (2009) and Peila (2007) demonstrated that GRS barriers can effectively absorb the impact energy from a rockfall.
The stability of such structures is often evaluated by conducting conventional external stability analyses with an assumption that the reinforced soil mass is a rigid body (Berg et al., 2009; Elias et al., 2001 ). However, this assumption contradicts the flexible nature of reinforced soil and likely cannot accurately describe the behavior of GSR structures subjected to lateral loadings. Accordingly, this study aimed to investigate the failure mode and the lateral bearing capacity of GRS barriers subjected to lateral loadings by using the finite element (FE) method. The numerical results and a hypothetical case study are presented and discussed in the paper.
NUMERICAL MODEL AND VERIFICATION
A FE model of a back-to-back GRS wall was developed and verified using a large scale test on a GRS mass reported by Pham (2009) and Wu and Pham (2013) . The GRS mass is 2 m high, 1.4 m long (ratio of wall width to wall height L/H = 0.7), and has a reinforcement spacing S v = 0.4 m (Fig. 1) . The backfill, crushed diabase, is classified as well-graded gravel by the Unified Soil Classification System (USCS). The backfill has a peak friction angle φ′ = 50° and cohesion c′ = 76.6 kPa under triaxial tests. The reinforcement was a polypropylene woven geotextile with an ultimate tensile strength T ult = 70 kN/m and stiffness J = 700 kN/m obtained from a wide width tensile test (ASTM D4595). The backfill was placed and compacted in a 0.2-m lift until the designed height was reached. A confining pressure of 34 kPa was applied to the GRS mass by using vacuum and the GRS mass was then loaded vertically until failure occurred.
The FE program PLAXIS v8.2 (PLAXIS 2005) was selected for the analysis. The soil was simulated using the hardening soil (hyperbolically elastoplastic) model. The reinforcement was simulated by a linear elasticperfectly plastic model. Because the tensile strength properties of geotextile are influenced by the applied strain rate (10%/min in the wide width tensile test is much higher than that developed in the test wall), T ult = 54 kN/m and J = 470 kN/m, estimated according to Boyle et al. (1996) , were used in the FE simulation. The soil-reinforcement interaction was modeled and an efficiency factor of 0.8 was input. Table 1 presents the material and geometric parameters in the FE simulation. The stage construction and compaction were included in the simulation. Uniform surcharges were applied on top of the FE model with load increments of 200 kPa until failure occurred. The comparison results in Fig. 2 show that the global stress-strain curves obtained using the FE analysis are in close agreement with the measured data, thus verifying the FE model developed in this study. 
FAILURE MODE
The validated FE model was then used to study the failure mode of GRS barriers subjected to lateral loadings and evaluate the effect of L/H and soil shear strength on the lateral bearing capacity. Table 1 presents the material parameters in the failure mode study (the input soil shear strength properties and the wall height were modified for general GRS wall cases). A firm foundation was modeled; the GRS barrier can only fail along the foundation-reinforcement interface (i.e., the sliding failure mode); however, no bearing capacity failure was allowed. After wall construction was completed, a linearly lateral pressure was applied to the GRS wall model and was gradually increased until the wall failed.
For a wall with L/H = 0.7, the predicted load-displacement curve and the development of Mohr-Coulomb failure points are shown in Figs. 3 and 4, respectively. The FE results indicate that the wall with L/H = 0.7 fails internally at a normalized lateral displacement ∆/H ≈ 3%-4%. The failure mode is an internal sliding along the soil-reinforcement interface at the side subjected to the lateral force and the active failure of the reinforced soil wedge at the opposite side. Stress distribution along the horizontal (wall width) direction was examined (Fig. 5) ; the vertical stress decreased (negative vertical stress increment with respect to the vertical stress after construction) in the left part of the GRS barrier and increased (positive vertical stress increment) as lateral loadings were increased. This stress distribution is similar to that of the cantilever-type bending stress (Fig. 6) . The negative vertical stress increment in the left part of the GRS barrier caused a decrease in the normal stress along the soil-reinforcement interface, resulting in interface slippage between soil and reinforcement. This is demonstrated by the development of Mohr-Coulomb failure points along the 2-5 reinforcement layers (Fig. 4) and the distribution of the relative shear stress along the soil-reinforcement interface. Figure 7 shows that the soil-reinforcement interface shear stress is completely mobilized (relative shear stress = 1.0) in the left part of the GRS barrier.
Several active failure planes can be clearly observed in the right part of the GRS barrier (Fig. 4) . These active failures were induced by an increase in the vertical stress (positive vertical stress increment) with an increase in the lateral loading. Because of the effect of the bending stress, active failure induced by the increase in the vertical stress resulted from the applied lateral pressure and is similar to that of GRS walls subjected to vertical surcharges in conventional applications. In addition, the internal soil failure predicted by FE analyses suggests that the soil shear strength plays a major role in the lateral bearing capacity of GRS barriers. As shown in Fig. 8 , the lateral bearing capacity increases with an increase in the input friction angle. The shear-strength-dependent internal soil failure differs from that of the conventional external stability analyses that assume the reinforced soil mass to be a rigid body. This assumption contradicts the flexible nature of reinforced soil; consequently, the conventional analyses cannot accurately describe the failure model of GRS barriers subjected to lateral loadings. Furthermore, FE results indicate that the failure mode changes with a change in L/H. Figure 9 shows the development of Mohr-Coulomb failure points with different L/H. When L/H = 2.2 (Fig. 9a) , the dominated failure mode is sliding at the wall bottom because of the failure of the foundation-reinforcement interface. When L/H = 4.2 (Fig. 9b) , the bottom frictional resistance increases so that bottom sliding does not occur; instead, a passive soil failure governs the failure mode of the GRS barrier with a high L/H. A clear passive failure surface can be observed from the Mohr-Coulomb failure points (Fig. 9b) . Figure 10 shows the variation in the normalized ultimate lateral bearing capacity with a change in L/H. The normalized ultimate lateral bearing capacity (σ h /γH) is the ratio of the maximum lateral pressure acting at the wall bottom to the overburden pressure at the wall bottom. The normalized ultimate lateral bearing capacity increases with an increase in L/H. When 0.5 < L/H < 1.0, GRS barriers fail internally, as discussed previously. Next, σ h /γH is lower than those estimated using theoretical overturning and sliding equations, which assume that the GRS mass is a rigid body. When 1.0 < L/H < 3.0, σ h /γH follows the theoretical sliding equation, suggesting the occurrence of the foundation-reinforcement interface failure. When L/H > 3.0, σ h /γH reaches the passive lateral earth pressure. Further increase in L/H does not improve the ultimate lateral bearing capacity. The predicted ultimate lateral bearing capacities agree with the failure modes discussed in the previous section. 
LATERAL BEARING CAPACITY

HYPOTHETICAL CASE STUDY
A hypothetical case study of a GRS barrier against tsunamis is described. Figure 11 illustrates a 3-m GRS barrier with L/H = 0.7 located at z = 7 m above sea level, and the designed maximum tsunami inundation (runup) point is R = 10 m above sea level. The methods for estimating the tsunami force proposed by Yeh (2007) and adopted by FEMA (2008) were used. The tsunami force is comprises hydrostatic pressure and impulsive (surge) force. No impact force by water-born debris is considered. Fig. 11 . Schematic illustration of the case scenario assumed in this study
The hydrostatic pressure is linearly distributed and calculated as,
where σ h,static is the hydrostatic pressure; γ w (11.7 kN/m 3 ) is the unit weight of the mixture of seawater and sediment; and h is the water depth from the maximum tsunami inundation point. In this case, h = H = 3 m.
The impulsive force is uniformly distributed and caused by the leading edge of running-up water impinging on a structure, which can be estimated as 1.5 times the hydrodynamic force,
where F s is the impulsive force and F d is the hydrodynamic force, often called the drag force. This force can be computed as follows,
where g is the gravity; C d is the drag coefficient (C d = 2.0 for square or rectangular objects); B is the width of the structure; and (hu 2 ) max is the maximum momentum flux. Next, (hu 2 ) max can be determined using the following equation by Yeh (2006) , which is based on the exact analytical solution of the nonlinear shallow water wave theory. (4) where R is the ground elevation at the maximum tsunami inundation points and z is the ground elevation of the location of interest. In this case, R = 10 m and z = 7 m (Fig. 11) . Using the aforementioned equations, a tsunami pressure, which was trapezoidally distributed with 8.5 kPa at the top and 43.6 kPa at the bottom, was applied to the GRS barrier and the stability was evaluated numerically.
The FE result in Fig. 12 suggests that the GRS barrier with L/H = 0.7 can only sustain approximately 70% of the tsunami force. One solution is to increase L/H. As demonstrated previously, the ultimate lateral bearing capacity of GRS barriers can be improved by increasing L/H. Another feasible solution is to install vertical soil anchors (Fig. 13) . In the FE simulation, a 50-kN pretension force was applied to the soil anchors. As shown in Fig. 12 , the lateral bearing capacity of the GRS barrier can be considerably improved using two rows of vertical soil anchors, and 100% tsunami force can be achieved in the improved design. 
CONCLUSIONS
This study conducted a series of FE analyses to investigate the failure mode and the lateral bearing capacity of GRS barriers subjected to lateral loadings. The FE results indicate that the behavior of GRS barriers depends heavily on L/H. When 0.5 < L/H < 1.0, GRS barriers fail internally because of internal sliding along the soil-reinforcement interface at the side subjected to the lateral force and the active failure of the reinforced soil wedge at the opposite side. The shear-strength-dependent internal soil failure differs from that of the conventional external stability analyses that assumes the reinforced soil mass to be a rigid body. When 1.0 < L/H < 3.0, failure occurs along the foundation-reinforcement interface and the ultimate lateral bearing capacity can be predicted accurately by using the theoretical sliding equation. When L/H > 3.0, soil inside the wall fails passively and can be described using the passive lateral earth pressure theory. A hypothetical case study of a GRS barrier against a tsunami force was presented. The lateral bearing capacity of a GRS barrier was significantly improved using two rows of vertical soil anchors.
